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ABSTRACT

Recovery problems encountered at some of the St. Joe
Lead Company's milling facilities prompted the study of 6
different ores.

High and low grade ores had characteristics

that varied from poor lead - zinc selectivity to excessive
lead losses to the flotation tailings.

Three ores from both

the Fletcher and Viburnum mills were studied through
flotation tests, mill water analysis, and ore analysis using
an ore microscope.
The major cause for poor recovery was found to be due
to ore oxidation.

Not only was lead, in the form of oxides,

reporting to the tails, but high levels of copper ions were
found to cause nonselective flotation of most sulfide
minerals.

Mineralogy problems encountered which were also

responsible for the selectivity problems included the
presence of hydrocarbons, cyanide soluble copper minerals,
and intricately locked ore minerals.
To better understand the oxidation process of galena,
two subsequent studies were performed.

One study involved

documenting the oxidation effect which various sulfides had
on two crystal forms of galena.

It was found that ore

texture had more of an influence on galena oxidation than
did any one mineral in the Viburnum Trend.

In addition, no

oxidation rate difference was found between cubic and
octahedral galena.
In a separate experiment, sulfur 34 isotopes were used

iii

to trace galena crystal habit and oxidation during
flotation.

Two synthetic ores and samples from two Viburnum

flotation circuits were analyzed for sulfur isotope and
metal sulfide content.

From this, a sulfur isotope range

for galena was back-calculated.

The galena sulfur isotope

values were found not to vary during the flotation of a
single, non-oxidized crystal.

Isotope did vary within the

flotation of an oxidized ore sample, indicating that
octahedral galena was a slower floating galena in this case.
Low isotope values in the last cells of the Viburnum mill
rougher and cleaner circuits clearly showed that oxidized
sulfide minerals were last to respond to flotation.
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I.

INTRODUCTION

Southeast Missouri has been a major U.S. mining district
for well over one hundred years.

Since the initial discovery

of lead, in the 1700's, over 500 million tons of Pb, Zn, and
Cu ore has been mined from the area.

The Viburnum Trend,

located 50 miles southwest of the historic Old Lead Belt
(Figure 1), is the newest and richest addition to the Missouri
ore reserves.

This north -

south trending subdistrict has

been estimated to originally include 325 million tons of ore
grading 5.5% Pb, 0.8% Zn and 0.1% Cu (Wharton 84).
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With approximately one half the reserves mined, southeast
Missouri is presently the most active Pb-Zn district in North
America and possibly the world.

To date, over 5 billion

dollars worth of galena, chalcopyrite, and sphalerite
concentrates have been refined by one of the three smelters in
the area.

A.

MILLING PRACTICES
Over the years, advances in milling practices have helped

to increase the amount of ore which could be considered
recoverable.

Among these, the introduction of froth flotation

has had the most profound effect.

Currently, milling methods

practiced in the Viburnum Trend are fundamentally the same
from mine to mine (Sharp 76).

Each mill is designed to

process around 300 tons per hour of ore which generally assays
5% Pb, 1% Zn and 0.1% Cu.
strategy exist.

Only differences in material flow

The general steps followed in ore

concentration are; 1) crushing, 2) grinding & classification,
3) flotation, 4) thickening & filtering.
Crushing is a two to three stage operation.

The initial

stage of crushing is done underground in the mine by a large
cone or jaw crusher.

A short head or small cone crusher is

used in secondary and tertiary crushing.
Grinding is accomplished by the use of both rod and ball
mills.

Crushed ore is fed into the rod mill where the ore is

ground to a distribution of 85% -8 mesh.

In the ball mill,

the ore particle size is further reduced in the presence of

3

flotation reagents.

Hydrocyclones are used to classify the

ball mill products to a size distribution, generally 85 %
passing 200 mesh, which are used for flotation feed.
The flotation circuit is the heart of the recovery
process.
each mill.

Equipment and material flow variations exist between
Typically, xanthates are used in conjunction with

cyanide and zinc sulfate solution to selectively float galena
and chalcopyrite from sphalerite and gangue minerals.

At the

St. Joe Fletcher mill and mine facility (Figure 2), for
example, roughing, cleaning, and scavenging circuits
concentrate a Pb-Cu concentrate which is used as feed to the
copper circuit.
the zinc circuit.

Tails from the Pb rougher are used as feed to
The number and placement of a flotation

cell in the process will depend on the original economic
considerat i on s.
The flotation product is dewatered initially by the use
of a small thickener.

Thickener pulp is feed to a disc or

drum filter which takes the final water content down to around
3%.

This is product is shipped to the smelter for refining.

Tailings are first dewatered in a large thickener,

then pumped

to a settling pond for storage.
B.

STATEMENT OF PROBLEM
Metallurgists at the St. Joe facility,

Missouri,

in Viburnum,

have found that some ores are difficult to treat and

are responsible for recovery losses and concentrate
contamination problems.

In general,

it is desireable to

maximize the lead recovery and keep the tail assay below 0.15 %
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Pb.

For a 10 thousand ton per year mill and assuming lead

price to be 20 cent per pound, each 0.1% of Pb in the tail
means a loss of over $3000 per day.

Therefore, it is

understandable that when lead in the tail increases to 0.5%
that mill metallurgists become excited.

With some problem

ores which exhibit high flotation tails,

it has been found

that an increase of the amount of cyanide helps to reduce lead
losses,

but smelter penalties occurred from zinc contamination

of the lead concentrate.
Two potential reasons cited by research metallurgists for
these difficulties are :
1) High copper assays, associated with some of these
ores, are responsible for a Cu-cyanide complex which causes
zinc to be activated during the Pb-Cu flotation circuit,
2) High grade ore which has been left broken underground
in excess of six months has become oxidized.
Other ore problems may be responsible for lead losses but are
not presently suspected.

C)

PURPOSE OF STUDY
This project,

funded by the Missouri Mines Institute and

done in cooperation with St. Joe Lead Company, attempts to
determine the causes of the flotation problems found in some
Viburnum Trend ores.
of four

The flotation responses and lead losses

problem ores are studied and compared to those

responses of two standard ores to outline the problems . Then,
the relationships that mineralogy,

paragenesis, and trace

elelemental silver have on galena oxidation and metal recovery

6

are also investigated and linked to the flotation problems.

7

II.

LITERATURE REVIEW

An ore deposit can have a highly complex history and
chemistry. The degree of complexity is inferred through ore
mineralogy and textures.

In deposits where mineralogy is

simple and textures are coarse, differences in an ore may be
assumed, by mill metallurgists, to be minor and not of major
significance to recovery.

Likewise, a mine geologist's

ignorance of recovery limitations may cause him to overlook
problem spots in the mine.

A greater understanding of the ore

depositional chemistry and recovery processes will eventually
lead to more economical mining.

This section is to

familiarize the reader with the mineral variations and
recovery problems in the Viburnum Trend.

A.

GEOLOGY OF S.E. MISSOURI NEW LEAD BELT
The Viburnum Trend is located in southeast Missouri,

approximately 100 miles southwest of St. Louis.

The

North-South trending Pb-Zn-Cu district flanks the west side of
the St. Francois Mountains and is similar in geology to the
Old Lead Belt and other smaller subdistricts in the area
(Figure 3).

These base metal deposits are low temperature,

carbonate hosted, stratiform deposits of the type designated
Mississippi Valley Type (MVT).
1.

S t r u c t u r e a n d F 1 u i d Mo v em en t .

The or e o c c u r s a s

metal sulfides located within the Bonneterre Formation.
Mineralization favors those areas that are in close proximity
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with a

pinching

out of the underlying Lamotte sandstone

against a Precambrian granitic knob (Figure 4).

Metal brines

apparently used the Lamotte sandstone as a medium in which to
travel.
knob,

Where the sandstone thinned out against a granite

fluids were channeled up into the organic rich

Bonneterre Formation, where the fluids became unstable and
deposited metal sulfides as they reacted towards equilibrium
(Gerdeman 1967).
Ore fluids movement within the Viburnum Trend have both
vertical and horizontal components.

Vertical components are

typified by mo ement along fractures while horizontal
components rely on faults,

breccia zones, and porous areas

prepared by premineralizing fluids.

Direction in which the

fluid moved is inferred by mineral symmetry, minor and trace
element distributions, as well as, mineral abundance. One
major center of ore fluid introduction is located between the
Buick and Magmont mines in the northern part of the trend,
while another is south of the Milliken mine in the southern
extent of the trend (Figure 5).

Mineral evidence of the

fluid's vertical movement is marked by the frequency of
bornite pods at the two centers, while the horizontal
component is inferred by late stage druzy quartz decreasing in
abundance away from the centers.

Likewise,

both minor and

trace element distributions decrease with distance from these
centers.

Cobalt/nickel ratios are greatest at the centers

(Jessey 83), as are the silver and antimony content of galena.
These findings are again confirmed by mineral symmetry studies
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(Hagni 83).
2.

Mineralogy.

are galena,

The ore minerals in the Viburnum Trend

sphalerite and chalcopyrite.

The cobalt-nickel

minerals, seigenite and bravoite, are also present but are
only locally in sufficient concentration to be economical.
Gangue minerals common are dolomite, calcite, pyrite and
marcasite.

Deposition of these minerals did not occur over

any one specific episode,

but rather were emplaced over a

number of flow and chemical fluxuations within the solution.
Over the depositional period, ore textures evolved from an
early stage disseminated,

replacement textures to colliform

textures and finally to crystalline open space textures (Hagni
77).

The same paragenetic sequence is seen throughout the

Trend which is illustrated in Figure 6.
Galena, the most abundant ore mineral in the Trend, comes
in a variety of crystal habits.
are,

by far,

Cubic and octahedral forms

the most common found though intermediate

cuboctaherdon, distorted, twinned octohedrons, dendritic forms
and colloform galena can be found (Figure 7),(Clendenin 77).
Differences between these two forms exist and have proved
helpful in studying the district genesis.
The octahedral galena appears earlier in the paragenetic
sequence than does the cubic form.

The author will consider

all galena which was deposited before the cubic to be the
octahedral variety.

Other metal sulfides were deposited

before, during and after the octahedron form generations.
Mineral coatings of pyrite, chalcopyrite, marcasite, dolomite

12

Figure 7.

(xl)
Buick Mine Speciman Showing Unoxidized Cubic
Galena with Several Oxidized Octahedral Galena
Crystals.
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and cubic galena are indicators of octahedral galena's
superposition.
Octahedral and cubic galena differ in trace element
content, as well.

Silver and antimony values are

significantly higher in cubic galena.

It has been shown that

cubic galena contains 35ppm Ag and 38lppm Sb, while the
octahedral form has 20ppm Ag and 241ppm Sb (Hagni 83).

Trace

elements are not evenly distributed throughout the galena.

In

cubic galena samples from the Magmont mine, laser microprobe
analysis indicated that accompanying crystal growth was a
general increase in silver, a decrease in arsenic, and a
fluxuation in bismuth.

No antimony was detected in this study

(Bhatia 76).
Similarly, isotope variations exist between and within
the two galena forms.

From analysis preformed on octahedral

and cubic galena samples collected at the Buick mine, both
lead and sulfur isotopes variations between the two forms,
were found great enough to be used as a distinguishing
feature.

The sulfur 34 isotope values varied from 0.9 to 21.3

per thousand of sulfur 32 (permil), with the cubic octahedral separation at 11 permil (Figure 8), (Sverjensky
81).

Variations within a single crystal were as high as 8

permil indicating that solutions were highly variable with
respect to hydrogen sulfide.

Differences in lead isotope,

between the two forms, is further indication of abrupt
solution changes.

Both sulfur and lead isotope differences

together indicate that the fluids that deposited each form of

14

0

2

8

8

10

Cp

0

0

Gn

0
0

~£<ooo S. 000

0

e

2

8

• ...

<9~ oa::P

0

81

10

18

20

22

•

00

Mc

18

14

12

12

Cp

~.,.,~
0

~

14

Mc

18

SI

oo~,
18

20

Gn

22

S 34 S(o/oo)
Figure 8.

Sulfur Isotope Values of Viburnum Trend Sulfide Minerals.
Disseminated Minerals.
O Vug Filling Minerals.

e

I

Figure 9.

(x2)

Etched Cubic Galena from the Buick Mine.

15
galena, came from at least two different sources (Rye 76).
Both forms of galena are seen to undergo some degree of
corrosion or etching at selected parts of the district.
Octahedral galena is more often found affected by this
Etching represents a

degradation then is the cubic form.

selective process of leaching along preferred zones and
crystal boundaries.

Corrosion is a nonselective degradation

of the crystal surface (Figure 9).

Both phenomena can occur

on the same surface and both can cause the total removal of a
crystal.

Etching and corrosion is a result of ore fluid

undersaturation with respect to one or more elements which is
contained in the specimen (Clendenin 77).

B.

RECOVERY PROBLEMS
In the flotation of sulfides, a number of problems can

arise which cause the recovery of mineral to fall below
acceptable levels.

The factors that influence recovery

problems can be separated in two classes; mill related and ore
related.

Most often, an abrupt increase in the lead tails

assay accompanies a recovery problem.

The lead concentrate

may or may not show a high iron or zinc assays to accompany
the bad tail.

If a systematic check of the flotation and

comminution circuits reveal no solution, then the problem is
assumed to be ore related.

1•

Mill Related

of a mechanical failure.

Mill problems are usually the result
This is especially true for the

flotation circuit where a high degree of maintenence
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is required.

The loss of a reagent pump or the clogging of an

assaying line has a dramatic effect on the system but is
easily tracked down and corrected.
arise in water chemistry.

More complex problems

Recycled water can retain some of

its reagent or possibly even metal ions which would have a
negative effect on flotation.

Metallic iron from ball mill

has been shown to be harmful to sulfide recovery and
selectivity whenever xanthates are used (Rao, Leja 76).
Sulfide particles finer then 10 microns in contact with iron
particles, were found to have a negative redox potential and
thus did not respond to the reagent.

Locked particles are

also a problem associated with the comminution circuit.

If

the proper ball mill conditions are not maintained, or the d50
of the cyclone oversize is too large,

locked particles may be

sent to the flotation circuit where at best they will be
activated in the scavanger circuit.

Mill related problems are

as individual as the mill and are best identified by those
most experienced with the individual process.
2.

Ore Related.

There are times, when the flotation

and comminution circuits are running steady, that an ore is
introduced that causes recovery problems or selectivity
decreases.

Many times,

the choice is made to forego the

processing of the bad ore rather than risk high tails or
smelter penalties.

There are a number of mineralogical

reasons which can be looked to for finding the solution for
these types of problems.

a.

Mineralogy and Texture.

A change in mineralogy and
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texture can have a negative affect on a flotation process if
locked mineral particles are the result.

In the Viburnum

Trend, coarse grained ores of predictable mineralogy are
typically the case.

Ores with fine grained or complex

textures do exist, however.

Fine grain ores have been found

in the upper reef facies of St. Joe's Viburnum 28 mine, which
contain intergrown galena and pyrite in the 1-10 micron range
(Hagni 83).

Complex textures are also associated with

cobalt-nickel mineralization.

Intricate veinings and

intergrowths of seigenite, bravoite, and chalcopyrite make
recovery of these phases difficult by conventional methods
(Pignolet 83).

Grinding the ore to a finer size will help to

liberate the ore minerals but problems with slimes may further
complicate recovery.
b.

Oxidation.

Sulfide oxidation is a major cause of

mineral loss in the Viburnum Trend ores.

The oxidation of

galena to cerussite and anglesite has been documented in the
Trend (Smith 84).

Cerussite, a lead carbonate mineral, is the

domainant oxidation product in the alkaline environments while
anglesite is stable in areas which are more acidic.
The o~idizing effect of other sulfide minerals play a
role in galena oxidation.

Sulfides can be arranged in an

order of decreasing susceptibility to spontaneous oxidation.
One such heirarchy of some common sulfide minerals is listed
below (Sutherland 55).

Arsenopyrite >Pyrite> Chalcopyrite > Sphalerite > Galena
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The oxidation of pyrite, chalcopyrite, and sphalerite is
thought to preclude any alteration of galena in high sulfide
ores.

Galena oxidation, on the other hand, is thought to be

proportional to the amount of sulfides present in the ore, but
to what extent is not clearly understood.

Marcasite is

suspected to be the major influence in the Lead Belt ores.

It

is not uncommon to have 10% of the galena oxidized in 24 hours
within high marcasite areas (Sharp 76) .

More precise data has

been compiled documenting the variables influencing ore
oxidation.

One study found that galena oxidized faster in a

damp environment than it did in a dry or aqueous atmosphere.
A larger percentage of the fine sized ores seemed to be
affected by oxidation.

Ore stored damp for a year resulted in

coatings of oxide, on the galena, of up to 20 microns in size
(Haug 58).

A later study used this data to derive an equation

to describe the oxidation of an ore with respect to time.

Ct= (.00268/S + .012SG)t

½ +

.053

(1)

where: Ct= lead content in the tails
S

= to-pass size in inches

G

= grade in %Pb

t

= time in weeks

This equation is a good estimation for normal ores, but is not
valid for ores high in total sulfides (Smith 84).
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Lead oxides are not recoverable by conventional sulfide
flotation.

Oxide grain coatings tend to be brittle and

liberate readily during grinding.

These particles are not

activated by xanthate reagents and can account for a
significant amount of the lead losses.

Those oxidized galena

particles, which are activated by xanthates, will respond to
flotation at a slower rate and will concentrate in the
scavanger cells (Clifford 78).

If large amounts of iron

sulfides are present in the ore, not only is there potential
for galena to oxidize faster (Sharp 76), but iron oxides may
also have a negative effect on the flotation circuit.
c.

Soluble Salts.

Soluble salts are thought to be a

problem in the recovery of some ores.

In a St. Joe ore

suspected of having this problem, a lead concentrate in the
60% range accompanied a taii that was as high as 0.3%.

The

amount of zinc in the lead concentrate was also higher than
normal.

Some company metallurgists propose that this recovery

problem was due to a complexing of the metal ions and sodium
cyanide in solution.

It has been shown that cyanide soluble

iron and copper minerals will form metal-cyanide complexes
which typically have a 3:1 to 6:1 metal to cyanide ratio
(Hedley, Tabachnick 68).

In example, a sodium cyanide

solution will attack the surface of a chalcopyrite grain and
cause the creation of a copper-cyanide complex.

The addition

of NaCN was found to improve the lead grade and recovery by
depressing the pyrites, while sphalerite continued to

float.

The addition of sodium sulfide or zinc hydrosulfite was found
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to help depress the zinc problem, but the tails remained high
in lead.

In this case, higher than normal copper in solution

was detected in the mill waters (Jones 83).
d•

Trace Elements.

Traditionally, the Viburnum Trend

has been thought to contain ore relatively clean of trace
metals.

In fine grained, complex, sulfide ores, such as

massive sulfide deposits, flotation selectivity can be
hampered by trace metal impurities with the mineral lattice.
It has been shown that small amounts of copper, <0.5% by
weight,

in solid solution with galena will cause galena to

float in a copper circuit (Ansell, Boorman 76).

Apparently,

slight variations in stoiciometry, namely the filling of lead
and sulfur vacancies by trace elements, is attributed to the
change in ga l ena sem ic onductance from then-type to the p-type
charge, and visa versa.

Using an anionic thiol-type

collector, p-type semiconductors act as acceptors while n-type
act as donors.

In a study using synthetic galena doped with

varying amounts of silver, antimony and bismuth, it was shown
that the Sb and Bi discouraged galena flotation, when using a
dithiophosphate, while silver encouraged it.
semiconductance were found to be additive.

The effects of
That is, the

effect caused by equal mole amounts of silver and antimony
will be cancelling (Madeley, Boorman 78).
were found,

Xanthate collectors

in both studies, to be too strong to show any

significant difference in recovery.

e.

Hydrocarbons.

A final ore problem which is

associated with poor recovery is the presence of hydrocarbons.
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Flotation selectivity decreases if large amounts of
hydrocarbons enters with the mill feed.

It is not uncommon

for hydraulic line fluid or diesel fuel to be spilled over an
area where ore is being loaded (Cornell 84).

These

hydrocarbon types have long carbon chain lengths which results
in stronger adsorption, thus, reduced selectivity between
sulfide minerals (Kelly, Spottiswood 82).

If the hydrocarbon

is water-soluble, it may also take on the characteristics of a
frother.
An oil spill was thought to be the cause of poor lead
recoveries from a stope at the Ozark Lead mine (Marikos 84).
In this case, natural occurring hydrocarbons, in the form of
pyrobitumen, was discovered as the contaminate.

Occurances of

pyrobitumen are localized throughout the Viburnum Trend and
vary in solubility and texture.

The hydrocarbons found

coating some of the ore minerals, at the Ozark lead mine, are
tacky in texture.

Organics found at Magmont are, on the other

hand, brittle, insoluble blebs which are not thought to
responsible for any flotation problems.

In all cases, the

organics are associated with a shaley member within the upper
Bonneterre Formation.

f •

Recovery Problem Summary.

Flotation recovery

problems can either be a result of mechanical problems within
the mill or due to the ore character.

Variations in ore

mineral characteristics can have profound effects on a
flotation system and are less predictable than are mechanical
failures.

Complex mineral textures, hydrocarbons, and trace
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element variations, encountered at an active mine face,
typically go unnoticed and result episodes of poor lead
recoveries.

If ore is allowed to remain in an oxidizing

environment, not only will lead losses tend to be higher,

but

selectivity problems may arise due to excess metal ions in
solution interfering with flotation reagents.

All of these

factors should be suspected when solving mineral related
flotation problems.
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III.

EXPERIMENTAL DETAILS

To examine the reasons for poor recovery in some problem
ores and to investigate the nature of ore oxidation, three
studies were performed.

A microscope study was initiated to

characterize the appearance of each ore.

The ore's physical

response to the flotation process was recorded by the results
of a series of flotation tests.

To investigate the influences

which mineralogy has on oxidation of sulfide ores, oxidation
tests were preformed utilizing modern surface analyzing
The materials and procedures used in these studies

equipment.

are described in this section.
A.

MATERIALS
1.

Ores.

Lead Company,

Six ore samples were acquired from St. Joe

in Viburnum, Missouri,

microscope studies.

for use in flotation and

Three samples, one standard and two

problem ores, were collected from both the Viburnum and the
Fletcher mills by St. Joe personnel.

In each case, ore was

collected from the conveyor which fed the rod mill and was
screened to pass an 8 mesh sieve size.

The problem ore

samples were collected when poor recoveries were found to be
ore related.

The standard ore was collected while the mill

was running under steady state and lead recoveries were
acceptable.

Each ore was individually blended,

stored in plastic sacks as 500 gram samples.

split, and

A representative

sample of each ore was sent to the St. Joe metallurgical
laboratory for assay.
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The ores and flotation products were labeled with a 3-6
digit number which described the material according to its
origin and role in the study.

The identification code is

explained below:
Problem ore# : 1 or 2
Standard or Problem ore : Sor P
Viburnum or Fletcher mill

V or F

Head, Concentrate or Tail

H, C or T

Test Series#

1-8

Concentrate#

a, b, or c

Example: Sample 2PVC-6a corresponds to the first concentrate
of a series 6 flotation test performed on the second problem
Viburnum mill ore.

Sample SFH is a standard head sample from

the Fletcher mill.
2.

Reagents.

In the flotation study of the various

ores, Cynamid reagents were used.

Sodium isopropyl xanthate,

or Aerofloat 343, was chosen as the collector in the flotation
studies because it is currently being used at the St. Joe
mills.

Aerofroth 72 was used as the frothing agent.

Technical grade zinc sulfate was used in conjunction with
sodium cyanide to depress the iron and zinc sulfides.
D~stilled water was used to mix the reagents while Rolla tap
water was used for all other applications.
3.

Minerals.

Relatively pure minerals were used in

the galena oxidation study.
Viburnum Trend.

All mineral samples were from the

Coarse pyrite, cubic galena, and dark

sphalerite were collected by the author from either the Brushy
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Creek or Fletcher mine.

Chalcopyrite and octahedral galena

samples were collected by St. Joe geologists from a company
mine.

The fine grained pyrite sample, of an unknown location,

was provided by the UMR geology department.

An octahedral and

a cubic galena sample was collected by the author from the
Buick mine.

These two specimens were used in the oxidation

study as reference galena samples.

Polished sections were

made of all of these materials to insure their purity.

B.

PROCEDURES
1.

Ore Study.

Standard and problem ores were all

studied by reflected light,

transmitted light, and

ultra-violet light microscopy.

Samples were prepared and

studied in t h e fo ll owing manner.
a.

Reflected Light Samples.

Seven polished sections

were made from each ore sample which included three mill feed
samples and four sulfide samples which were concentrated by a
mechanical panning device.

The mill feed samples were

obtained by extracting a small representable portion from one
of the 500 gram samples.

This portion was screened to form a

+850 micron, +106 micron, and a -160 micron fraction and then
was set aside for later mounting.

The remainder of the 500

gram ore sample was sieved in a root 2 series.

Fractions were

weighted for distribution data then panned using a superpanner
to isolate the sulfides.

Gravity separation was again used to

separate most of the galena from the pyrites and sphalerite.
Similar material from each of the sieve sizes was then
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collected and put in a low heat oven.

Once dried,

four

polished sections were made from the sulfide concentrates
while three were made from the original feed.

Polished

sections were made by first mounting the grains in an epoxide
to form a wafer.

The wafer was then mounted in a clear, less

expensive mounting material.
polished to a 1 micron finish.

Upon curing, the sections were
Each polished section was

systematically studied using a Nikon Optiphot polarizing
binocular microscope.

Mineralogy,

grain size, and textural

relationships for each section were cataloged on individual
note cards.

Summaries for each ore were compiled from these

cards.
b.

Transmitted Light Samples.

Two thin sections were

made of each ore to study using transmitted light.

A small

amount of +850 micron material was mounted in clear casting
plastic.

Upon hardening, the casts were trimmed, mounted on

glass slides, ground to a thickness of approximately 60
microns, and polished to a 15 micron finish.

A systematic

study of these samples helped to determine host rock,
mineralogy,

textural relationships, and organic content of the

ores.
C •

Ultra-violet Light Samples.

The purpose of this

study was to determine a relative hydrocarbon content of each
ore.

Hydrocarbons will fluoresce under a ultra-violet light.

Acetone can be used as a solvent to draw out the hydrocarbons
contained in an ore.

In this part of the ore study, small

amounts of the ore samples were taken to the Missouri
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Geological Survey, in Rolla, where they were immersed in
acetone and studied with a stereoscope using ultra-violet
light. Each sample was rated on a scale of 1-5 to the
intensity of its fluoresence.
2.

Flotation Study.

A number of flotation tests were

performed to help determine the role which oxidation,
mineralogy, and trace elements play in the recovery of
Viburnum Trend ores.

Products of these tests were weighed,

assayed, and in some cases studied using a reflecting light
microscope.

A computer program played a major role in

balancing and analyzing the results of each test.
a.

Procedures.

Baseline procedures for a flotation

test consisted of wet grinding a 500 gram ore sample in an 8
inch laboratory ball mill for 12 minutes at 84% of critical
speed.

Reagents were included in the 500 ml of solution which

accompanied the ore during grinding.

The amount of collector

which was added to the charge was dependant on the lead
content of the ore.

Ten ml of a 0.5 gram per liter solution

(ie 5 mg) was added for every percent lead in the sample ore.
This is equivalent to 2 pounds of reagent for every ton of
lead in the ore.

Sodium cyanide varied in concentration from

0-2 pounds per ton of ore.

Zinc sulfate was used as an zinc

depressant at a concentration of 1 pound per ton of ore.
A variable speed Denver bench flotation machine was used
for all tests.

The ground ore was emptied into a 1.4 liter,

stainless steel flotation cell along with SO ml of a 0.41
gram/liter solution of Aerofroth 72.

This slurry was
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conditioned for 3 minutes at 1200 rpm before the 7 minute
flotation time was initiated.

Froth collection methods and

reagent additions differed between tests depending on the
emphasis of the experiment.

In a standard test, a single

froth product is collected after the seven minute flotation
A timed flotation test consisted of collecting froth

time.

products after 1, 3, and 7 minutes into the test.
Characteristics of each test series are listed below.
i •

Test Series 1 and 2.

The first two series of tests

were designed to become familiar with the different ore
characteristics and determine test reproduceability.
sodium cyanide was used in these sets.

No

The froth product was

collected over the duration of the test to make one
concentrate.
ii.

Test Series 3.

this series.

Only one flotation test occured in

Number 1 problem Fletcher ore was subjected to a

cyanide free timed flotation test.

The results were used to

test a metallurgical balance computer program and the
reproduceability of following timed flotation tests.
iii.

Test Series 4, 6, and 8.

In the flotation test

series 4, 6, and 8, sodium cyanide additions of 0,
lbs/ton were used,

respectively.

1, and 2

Froth products were

collected after 1, 3, and 7 minutes of the start of the test
in order to study the froth and pulp properties during the
test.
iv.

Test Series 5.

Standard flotation tests were

preformed on tail fractions lPFT-1 and lPFT-2 in hopes to
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collect all the remaining sulfides.
used.

No further grinding was

No sodium cyanide or zinc sulfate was used.

80 ml of

collector was added with the frother during a 5 minute
conditioning period before the float.

Polished sections were

made of each concentrate and studied using a microscope.
b.

Sulfur Isotope and Trace Silver Flotation Tests.

Two synthetic ores were made for the purpose of tracking
sulfur isotope and trace silver during a flotation test.

Two

premises were being tested; 1) Galena crystals are zoned with
respect to trace silver and that the amount of that element
within the zone has some influence on recovery, 2) Differences
in silver content between galena crystal forms are directly or
indirectly responsible for a preferential recovery which are
traceable by sulfur isotopes.
Two galena samples were mixed with clean dolomite, from
the Quarry Ledge member of the Ordivician aged Jefferson City
formation,

to make a synthetic ore of approximately 7.5% lead.

In one synthetic ore, relatively pure octahedral galena was
added to the dolomite.

The other ore contained hand picked

galena grains from problem Fletcher ore #2 which was of
unknown crystal habit.

The problem Fletcher #2 was previously

studied in polished section and found to be fairly clean,
though oxidized.

This ore was used in the synthetic ore to

aid in understanding the relationship between oxidation, trace
elements and galena crystal habit.
Actual mill samples were collected from the Viburnum mill
to further test these ideas.

Concentrate samples were
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collected from three locations along both the lead rougher and
cleaning circuits.
Sulfur isotope tests were performed on each flotation
concentrate sample by Krueger Enterprises, Inc., located in
Cambridge, Massachusettes.

This consisted of oxidizing the

sulfides by ignition to produce sulfur dioxide gas.

The

sulfur 34 to sulfur 32 isotope ratio of each sample is
measured and expressed as a value which represents a deviation
from a standard.

The following equation is used to calculate

this value.
34s/32s sample
34s sample=

- 1

xlOOO

34s/32s standard
The universal standard for sulfur isotopes is the troilite of
a Diablo Canyon meteorite.

Units of the sulfur 34 to 32 ratio

are permil, which represent the number of 34 isotopes per 1000
of 32 isotope.

Each sample was also analyzed for Pb, Zn, Cu,

Fe, and Ag by the St. Joe metallurgical laboratory in
Viburnum, Missouri.
C •

Mill Water Tests.

Metal ion content in ball mill

waters were used as an indicator of the amount of oxidation
undergone by a given ore.

250 gram samples of each ore were

ground for 12 minutes at 50% solids with one half the standard
xanthate additions.

Three sets of tests were run with cyanide

additions of 0, 1, and 2 lb/ton of ore.

A sample of the mill

water was collected, filtered, and analyzed by atomic
adsorption for Pb, Cu, Zn, and Fe.
d•

Data Analysis.

A metallurgical balance was
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performed on each of the flotation tests with the aid of a
computer program (Appendix 3).

The program, written in

Applesoft Basic, had a variety of useful functions besides a
standard materials balance (Appendix 1).

Data used as input

for the metallurgical balance program consisted of the weights
and assays of each product of a timed flotation test.
Initially, the assays and weights are used to back calculate a
head grade and determine the amount of material lost.

Each

flotation product assay is then corrected to represent its
weight pe r cent of t he total sulfides in the p r oduct.

This

gives a qualitative representation of each product which
proves more useful than a plain assay.

A selectivity index,

based on one minerals response relative to another, was also
calculated and displayed in the program printout.

A low

selectivity index implies that two minerals respond similarly
to flotation, while a large number indicates good separation.
In addition to the previous information, individual mineral
reports are presented.

Each of these tabulations include the

assay, individual and cumulative weight percents, individual
and cumulative recoveries, mineral ratios, and cumulative
mineral selectivity indices of each flotation product.
all of this data was reviewed in this report,

Not

but all

information was considered in determining the direction of the
study.

3.

Oxidation Study.

A study was performed to

determine if there is an oxidation rate difference between
cubic and octahedral galena.

Four sets of minerals were
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placed in an air tight desicator, with a kilogram of water
saturated lead ore, to simulate a mine atmosphere.

Each set

of minerals comprised of octahedral and cubic galena samples
which were placed in contact with other sulfides minerals for
various lengths of time.

Oxidized mineral samples were

analyzed with an Auger microprobe to determine composition and
thickness of oxidation.
The Auger microprobe is a surface analyzing device which
utilizes the characteristic energies of the Auger electrons to
determine a materials composition.

The electron beam, which

is used to excite the atoms of a surface, can also be used to
sputter atoms off the surface.

A chemical profile, across an

interface, can be constructed by systematically alternating
the electron beam's analyzing and sputtering modes.
Samples were prepared by first cutting button sized
samples of crystalline octahedral and cubic galena,
sphalerite, pyrite, porous chalcopyrite, and fine grained
pyrite to an eighth inch thickness using an Isomet slow speed
saw.

After cleaning with acetone and distilled water in a

ultra-sonic cleaner, samples were mounted on eight glass
slides in the following arrangement.
where:
PyF

Cp
PyC

PyF = Fine Pyrite
PyC = Coarse Pyrite
Cp

= Chalcopyrite

S1

= Sphalerite

S1

Slide mounted minerals were mechanically ground to insure flat
surfaces needed for good mineral to mineral contact.

Two
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specimens were mounted on centimeter sized glass pieces,
polished to a 20 micron finish, and washed in distilled water.
Five octahedral galena, five cubic galena, one fine grained
pyrite, and one chalcopyrite were placed in contact with the
slide mounted minerals in the following manner.
where:
4

2

1

3

10

8

9

7

6

5

12

11

1 = Octahedral Gal£na, no contact
2

=

"

3

=

"

4

=

"

5

=

"

6

= Fine Grain Pyrite, no contact

7

= Cubic Galena, no contact

8

=

"

II

PyF contact

9

=

II

II

PyC contact

10

=

II

II

Cp contact

11 =

ti

ti

Sl contact

"
"
"
"

PyF contact
PyC contact
Cp contact
Sl contact

12 = Chalcopyrite, no mineral
contact
Four such sets were put the mine simulation environment
for periods of 1, 2, 4, and 8 weeks.

After detension times

were over, the minerals mounted on the glass pieces were
analyzed on the Auger microprobe to determine oxide
composition and thickness.
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IV.

EXPERIMENTAL

RESULTS

AND

DISCUSSION

The following results are from three studies that
investigated galena flotation problems and factors responsible
for galena oxidation.

The findings of an investigation into

the flotation characteristics of six lead ores are first
reported.

Next, in an attempt to trace galena crystallography

and oxidation through a flotation circuit, sulfur isotope test
data is presented and discussed.

The role which trace silver

plays in the flotation of an ore is studied as a side line to
all these flotation tests.

Lastly,

the results of a direct

approach oxidation study are discussed.
A.

PROBLEM ORE STUDY
A number of Viburnum Trend lead ores were analyzed by

first studying their flotation response under varying
conditions.

To better understand these test results,

water and ore were next studied.

the mill

The detailed results are

compiled in the following.

1.

Flotation Test Results.

Six ores were subjected to

a series of flotation tests that varied the concentration of
sodium cyanide from 0-2 pounds per ton of ore.

Data collected

from each test consist of a back-calculated head assay, a tail
assay, and a recovery percent for five elements.

Along with

these values, a lead-zinc selectivity index was recorded.
This number is an indication of the degree with which
sphalerite seperates from galena during froth flotation.
is calculated by the following equation;

It
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RA
Selectivity

X

(100 - RB)

=

(100 - RA)

where:

( 2)

X

RB

RA= Recovery of lead in total concentrate
RB= Recovery of zinc in total concentrate

Based on a years average of mill data, the following
assay, recovery and selectivity values were assumed to be
typical of a Viburnum Trend lead flotation circuit:
Head Assays - 5.5% Pb, 0.6% Zn, 0.15% Cu, 1.7% Fe
Lead Recovery - 96.5%
Tails Lead Assay - 0.12% Pb
Lead-Zinc Selectivity - 14
Zinc/Copper Ratio - 4
These values will be used as a standard to judge the
preformance of the following flotation tests, especially the
standard ores.
The reproducibility of a flotation test was determined by
the series 1 and 2 flotation tests.

In each test series, a

sample of each ore was used in a standard flotation test.
Each product was weighed and assayed.

This data was used in a

metallurgical balance which was performed using a computer
program.

The results from these flotation tests are listed in

Table I.
The error in the chemical analyses are assumed to be less
than 1%.

The reproducibility of a flotation test is

TABLE I.

FLOTATION REPRODUCTIBILI1Y REStn..TS:
SELECTIVI1Y INDICES

Sample Test
Name Ntunber
SF
lPF
2PF

sv
lPV
2PV

ELIMENTAL HEAD ASSAYS, RECOVERIES, AND

Zn

Pb

Fe

Cu

1
2
1
2
1
2

4.36
4.22
7. 71
8.54
8.70
9.60

97.8
97.6
91.1
93.3
94.8
95.3

22.6
26.6
12.4
13.4
15.3
16.8

0.69
0.66
0.50
0.35
0.09
0.10

15.9
12.6
61.4
44.0
44.0
40.9

1.2
1.2
3.3
2.2
2.1
2.0

0.016
0.017
0.65
0.41
0.09
0.10

73.1
74.4
91.9
91.8
90.9
83.2

4.5
5.3
9.0
8.2
7.6
5.3

1.86
1.86
2.51
2.47
2.06
1.95

10.1
7.6
30.6
20.6
13.0
13.2

0.9
0.9
1.8
1.2
0.9
0.9

1
2
1
2
1
2

4.44
4.75
6.82
5.40
9.34
9.60

90.5
89.6
75.9
79.5
94.8
94.6

8.9
11.5
9.1
10.3
9.6
9.6

0.39
0.36
0.13
0.24
0.97
0.87

48.9
39.6
78.7
84.5
48.1
49.0

2.4
2.4
6.3
8.2
1.7
1.8

0.41
0.36
0.51
0.52
3.04
2.91

91.6
94.4
46.6
67.2
90.7
91.9

8.2
10.6
3.1
2.5
6.0
6.4

2.27
2.31
2.35
2.33
8.00
7.80

28.3
22.2
14.3
20.6
46.7
44.2

1.6
1.6
1.3
1.8
1.8
1. 7
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demonstrated to be mixed but within limits which justify it as
a suitable test for this study.
a.

Fletcher Ores.

The results from each Fletcher ore

flotation test is listed in Table II

.

A summary of each ores

result is given below.

i •

Standard Fletcher Ore

The SF series of

- SF.

flotation tests gave the best results.

The SF ore proved to

be a suitable standard because the flotation tests yielded
lead recoveries greater than 97%, low tail lead assays, and
Pb-Zn selectivities greater than 14 at all levels of cyanide
concentration.

The assay of the ore was not far off the

typical head values sighted.

The zinc assay was on the order

of fifty times greater than copper, however.

The amount of

lead in the tails was not as low as what is found normally in
a flotation circuit, but was respectible for a bench scale
test.

For this reason, a tail of 0.15% Pb will be considered

a good characteristic of any of the remaining flotation tests.
The best lead tail assay and recovery was realized when no
cyanide was used, while the best selectivity was found to be
with a 1 lb/ton cyanide addition.

Silver recovery was found

to increase with the increase of sodium cyanide addition.
ii.

Problem Fletcher Ore

-

lPF.

Lead recoveries of

the lPF series were as much as 6% below the norm.

The lead

assay of the tail was 4-5 times higher than the standard.
Higher than normal lead and copper assays were noted in the
feed.

A zinc/copper ratio of approximately 0.8 also reflects

the high copper content of this ore.

It was found that as

FLETCHER ORES:

Table II.

Sample
Name

NaCN

Pb - Zn
Select.

Pb-Zn SELECTIVITIES, HEAD ASSAYS, RECOVERIES, AND TAIL ASSAYS

Pb

Head Assays,
Zn

Recoveries,
Cu

Tail Assays (%)

Fe

Ag(ppm)

--------------------------------------------------------------------------------------------------------Standard
0
5.2 97.5 0.14 0.56 12.5 0.54 0.01 57.8 0.01 1. 46 6. 3 1. 49 9.46 31. 7 7
16.6
Fletcher

1

2

19.2
14.8

5.1 96.9 0.17
5.1 97.0 0.17

0.58 7.9 0.59
0.56 12.8 0.55

0.01 53.9 0.01
0.03 70.3 0.01

1.91 4.4 1.99
1. 70 5.4 1.79

8.15 32.4 6
8.44 34.8 6

--------------------------------------------------------------------------------------------------------Problem
8.1 91.9 0.75 0.31 46.8 0.19 0.37 88.3 0.05 1.48 8.1 1.55 5.84 54.8 3
0
3.6
Fletcher

1

1

2

2.4
2.5

8.0 93.5 0.59
7.6 90.8 0.8

0.33 70.9 0.11
0.30 60.5 0.14

0.39 86.7 0.06
0.39 82.3 0.08

1.88 5.1 2.04
1.68 6.2 1.82

6.87 61. 7 3
6.31 65.2 2

--------------------------------------------------------------------------------------------------------Problem
0
6.4 10.5 94.5 0.67 0.09 29.5 0.09 0.08 80.8 0.02 1.49 9.2 1.58 6. 68 61.4 3
Fletcher

1

4.4

2

2

3.4

10.7 95.6 0.55
9.3 94.0 0.66

0.10 53.0 0.06
0.09 57.7 0.05

0.11 77.2 0.03
0.09 73.7 0.03

1. 79 6.6 1.97
1.68 7.2 1.87

6.41 73.5 2
6.63 73.5 2

---------------------------------------------------------------------------------------------------------

w

co
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sodium cyanide additions were increased, silver recovery
increased and lead-zinc selectivities decreased.

The best

lead recovery and tail assay occured when 1 lb/ton of cyanide
was used.

A better than normal froth was noted during this

series of flotation tests.
iii.

Problem Fletcher Ore

2PR

The amount of lead

in the 2PF series mill feed is twice that of a typical ore.
While zinc and copper assays are found to be below typical
values, a zinc/copper ratio of 1 indicates a further deviation
from the norm.

Though lead recoveries were just slightly off,

high lead tails were found over all levels of cyanide
addition.

A general increase in silver recovery was noted

with each cyanide addition.

The best recovery and tail assay

were found when only 1 lb/ton of cyanide was used.

The best

lead-zinc selectivity was obtained when using no cyanide.
Higher tail assays can be expected with higher grade ores if
recovery is expected not to change.

Given the slight

deviation in the lead recovery, however, this ore still
produced a high lead tail.
b.

Fletcher Discussion.

One good ore and two problem

ores were recognized in the three Fletcher ores.

The standard

ore, SF, was typical of a normal lead ore except possibly
having too low of a copper assay.

The use of cyanide on the

standard resulted in slightly lower recoveries and higher lead
in the tails.

One lb/ton proved to be the optimum cyanide

concentration for lead-zinc separation.
The two problem ores had a few things in common.

Both
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were high grade lead ores and both had lower than normal
zinc/copper ratios.

Maximum lead recoveries were achieved at

1 lb/ton of sodium cyanide.

An increase in the cyanide

concentration during a flotation test caused sphalerite to
respond more like galena.

This selectivity decrease was

greatest in the 2PF problem ore.
The cyanide is suspected to have caused the activation of
sphalerite by the leaching of some ion from the ore, which
could have either modified the sphalerite surface or complexed
with the cyanide, thus neutralizing any depressing affect it
may have.

Copper ions are suspected to be linked to this

phenomena for of a couple of reasons.
i)

At the highest cyanide concentration, leaching of the

copper minerals is the greatest.
ii)

The low zinc/copper ratio in the feed suggests that

those copper ions present in the water are in proportions
which could have an activating effect on the small amount of
sphalerite present in the ore.
In all the Fletcher ores, silver recovery increased with
cyanide addition while recoveries of all other minerals
remained mixed (Figure 10).

The high silver content

characteristic of Lead Belt sphalerite, had the greatest
bearing on these results.

No conclusion can be drawn from

this data on the influence of silver on the flotation of
galena.
In summary, the Fletcher ore lead losses are associated
with higher grade ore.

Increased silver recoveries and
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lead-zinc selectivity problems were encountered with increasing
cyanide additions.

The silver recovery increases are probably

due to an increase in sphalerite.

The poor lead-zinc

selectivity are suspected to be a result of copper ions
activating the sphalerite during flotation.
Viburnum Ores

c.

The results to each Viburnum ores

flotation test is listed in Table III.

A summary and discussion

of those results is given below.
i.

Standard Viburnum Ore - SV

The standard Viburnum ore

assay was typical of a mill feed except for a higher than normal
copper grade.

The high copper assay resulted in a Zn/Cu ratio

of less than 1.

Poor lead recoveries, as low as 87.5%, were

thought to be the result of drying the damp ore in an oven
rather than in open air.

For this reason,

the SV series

flotation tests are thought to be typical of an oxidized ore.
With increasing cyanide, lead recoveries were found to decrease.
Silver and zinc displayed similar mixed recoveries in this ore.
The tail lead assay and Pb-Zn selectivity were optimum at 1
pound of cyanide per ton of ore.
ii.

Problem Viburnum Ore -

lPV

The ore used in the lPV

series flotation tests was a low grade Pb-Zn ore with an above
average copper found.
this ore.
poor.

The Zn/Cu ratio was lower than 0.35 in

In all tests, Pb-Zn selectivity were exceptionally

Zinc recoveries remained fixed around 88% with all levels

of cyanide.

Improved lead and silver recoveries, tail lead

assay, and selectivity were seen with increased cyanide
additions.

VIBURNUM ORES:

Table III.

Sample
Name

NaCN

Pb - Zn
Select.

Pb-Zn SELECTIVITIES, HEAD ASSAYS, RECOVERIES, AND T~JL ASSAYS

Pb

Head Assays,
Zn

Recoveries,
Cu

Tail Assays (%)
Fe

Ag (ppm)

---------------------------------------------------------------------------------------------------------Standard
0
2.2
5.0 90.5 0.52 0.35 67.1 0.13 0.37 92.7 0.03 1.48 16. 2 1.37 8.3 56.3 4
Viburnum
Problem
Viburnum
1

1
2

2.7
2.0

4.7 90.0 0.51
4.8 87.5 0.67

0.33 55.9 0.16
0.38 64.8 0.15

0.48 90.5 0.05
0.42 85.2 0.07

1.83 2.0 1.95
1.68 8.3 1. 73

8.0 42.7 5
8.2 54.9 4

0
1
2

0.6
1.0
1.5

3.0 71.0 0.93
3.1 90.4 0.32
3.0 94.1 0.19

0.22 87.5 0.03
0.26 89.5 0.03
0.21 87.2 0.03

0.68 50.2 0.36
0.78 76.2 0.20
0.71 78.0 0.17

1.38 5. 9 1. 38
1.62 1.5 1. 72
1.59 4.8 1.65

6.8 44.9 4
7.2 48.6 4
6.6 55.0 1

----------------------------------~----------------------------------------------------------------------Problem
0
4.4
9.7 95.5 0.58 0.83 52.0 0.53 2.77 89.6 0.38 4.93 18.9 5.26 33.1 54.0 20
Viburnum
1
6.2
9.1 95.4 0.51 0.85 35.3 0.68 2.67 87.0 0.43 5.82 3.6 6.92 33.9 35.4 27
2

2

4.9

8.0 94.5 0.56

o. 78

41.4 0.58

2.70 85.9 0.48

4.94 7.5 5.77 32.4 41.6 24

----------------------------------------------------------------------------------------------------------
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iii.

Problem Viburnum Ore -

2PV

High total sulfides

characterized the ore used in the 2PV series flotation tests.
While lead and zinc assays were twice the norm, up to 18 times
the normal amount of copper was contained.

A Zn/Cu ratio of

less than 0.25 was the lowest of all the test ores.

Thirty

percent of the ores weight was due to sulfide mineralization.
The lead recoveries of the flotation tests were near normal
levels, but selectivities and tail Pb assays were found
unacceptable.

As in the SV series, Pb recovery was best with no

cyanide addition.

Selectivity and the tail assay was found best

with 1 pound of cyanide per ton of ore.
d.

Viburnum Discussion

Viburnum ore are different.
ores.

The flotation responses of each
Each ore can be considered problem

Below normal Zn/Cu ratios of the feed assay suggest that

the complexing of copper ions may play a role in the recovery of
each ore.
The standard ore, though of near typical grade, showed the
worst lead recovery of any ore.

The reason for this ores poor

recovery is thought to be due to oxidation during drying.
lead assay of the tail was comparable to a 10% Pb ore.

The

The high

zinc recoveries accompanying this ore indicate that complexing
of metal ions or intricate locking of lead-zinc minerals is
affecting the flotation performance.
The low grade lPV series ore,
cyanide levels.

performed best at high

This series of tests, however, was plagued with

a gross selectivity problem.

Zinc recovery remained around 88%

while lead greatly increased with cyanide addition.
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In this case, it appears the cyanide cleans the galena grain
surface of some contaminant to enable the mineral to float.
For this reason, the problem associated with this ore is
thought to be a gross metal ion contamination resulting from
oxidation rather than a locking problem.

The silver recovery

increase accompanying cyanide additions is probably due to the
corresponding increase of lead recovery.
Near normal recoveries were obtained with the 2PV series
tests.

High lead values in the flotation tails are probably a

consequence of this ore being high in lead assay or oxidation.
The selectivity problems encountered in these tests may be a
result of locking or metal ion influence.

This ore contained

three times the normal amount of sulfides minerals.

A slight

oxidation of this ore would cause a greater release of metal
ions than in typical ores.

e.

Flotation Summary.

In contrasting all of the

flotation data, a few general statements can be made about the
quality of the ores.

Only the standard Fletcher ore

represented a normal ore.

The remaining ores had varying

degrees of recovery and selectivity problems.

Ore oxidation

is suspected to be the main cause of the recovery problems
encountered.
In general, a low Zn/Cu ratio of an ore corresponds with
a low lead recovery.
large Zn/Cu ratio.

Only the standard Fletcher ore had a
Low lead recoveries can be a result of

either mineral locking or galena oxidation.

The addition of

cyanide did not seem to significantly improved lead recovery

46

In this case, the galena responded as

except in the lPV ore.

if a contaminant was being leached off the mineral surface.
Higher than normal copper and iron metal ion
concentrations should be expected in a oxidized ore because of
the ease with which the pyrites oxidize in the Lead Belt ores.
The copper ions present in these oxidized ores would have the
tendency to be attach themselves to the sphalerite grain
In this case, sphalerite would be activated by the

surface.

xanthate reagent as would galena.

A high zinc recovery and a

low Pb-Zn recovery is therefore an indication of an oxidized
ore.

An ore with a lower than normal Zn/Cu ratio would be

effected more by this oxidized phenomena because of the
greater relative abundance of the copper ions to sphalerite
surface available.
Silver recovery improved with cyanide additions in all
but two of the ores.

The increases seen correspond with

sphalerite recovery increases.

For this reason, no conclusion

can be drawn from these tests on the role of silver in galena
flotation.
2.

Mill Water Analysis.

flotation test results,

To better understand the

the ball mill water of each test was

analyzed for soluble metal ions.

A total of 18 water samples

were analyzed for Pb, Zn, Cu, and Fe by atomic absorption at
the St. Joe Lead Co. metallurgical lab.

The results are

reported in units of milligrams per liter and are listed in
Table IV.
TableIV shows that soluble metal ions are at the highest
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Table IV. METAL ION CONCENTRATION OF BALL MILL
SAMPLES. (Values in milligrams per liter.)
Sample

NaCN Cone.

Metal Ion Concentration (mg/1)
Zn
Cu
Fe
Pb

======================================================
SF

0 lb/ton
1 lb/ton
2 lb/ton

(.2
<.2
0.3

<.OS
<.OS
<.05

<.2
1.5
3.1

<.1
0.2
0.4

lPF

0 lb/ton
1 lb/ton
2 lb/ton

(.2
0.4
(.2

<.05
<.OS
<.OS

<.2
1. 7
4.8

0 .1
0.2
0.5

2PF

0 lb/ton
1 lb/ton
2 lb/ton

<. 2
0.3
0.4

<.OS
<.05
<.OS

<.2
1.3
8.6

0.1
0.3
0 .1

sv

0 lb/ton
1 lb/ton
2 lb/ton

<.2
(.2
<.2

<.OS
0.09
0.25

<.2
2.5
14.0

0 .1
0.3
0.5

lPV

0 lb/ton
1 lb/ton
2 lb/ton

<.2
0.6
<.2

<.OS
<.OS
0.08

<.2
4.8
12.0

<.1
0 .1
0 .1

2PV

0 lb/ton
1 lb/ton
2 lb/ton

<. 2
0.4
0.3

<.OS
(.05
0 .12

<.2
<.2
0.6

<.1
<.1
0 .1
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levels when the highest amount of cyanide is used.

Soluble

copper proved to be the dominant ion in this respect.

Lead

and iron remained at levels close to or below those of the
standard Fletcher ore.

Zinc concentrations were either

slightly above or below detectable limits.
Compared to the standard Fletcher results, all the ores
but 2PV have higher than normal copper ions in solution
(Figure 11).

These ores are likely to be either oxidized or

contain a copper mineral more soluble than chalcopyrite.
All the Viburnum ores contain some amount of detectable
soluble zinc but with an intensity substantially lower than
that of copper.

The standard Viburnum ore contained the

highest zinc and copper ion concentration.

The high ion

levels are a result of the oxidation that occured when the was
dried in an oven rather than be left out in the open air.
There is no correlation between zinc ion concentration
and Pb-Zn selectivity or lead recovery.

If soluble zinc was

present in larger quantities, it would actually act as a
sphalerite and pyrite depressant.

If zinc ions have any

direct effect on recovery, it would have to be small.
Lead ion levels in the problem ores are mixed and do not
deviate far from the standard.

Iron ions are at

concentrations equal to or below those of the standard.

No

recovery problems are probably associated with these two metal
ions.
3.

Microscopic Analysis of Ore.

The ores of the

Viburnum Trend vary locally in mineral abundances and

49

15 - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - , : : : - - - , - 1 5

5

5

2

2

1

1

.5

.5

0

1

2

Concentration of Sodium Cyanide (lb/ton)

6

Viburnum Standard

•

Fletcher Standard

Q

Problem Viburnum #1

•

Problem Fletcher #1

0

Problem Viburnum #2

■ Problem Fletcher #2

Figure 11.

Copper Ion Concentration of Ball Mill Water vs. Cyanide
Addition.
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textures.

These property changes are usuallY gradual and

cause no major suprizes at the mill.

There are times,

however, when ore characteriestics change abruptly and
flotation responses are significantly altered.

When this

happens, a microscope can be a useful tool to help identify
the nature of the material's problem.

The following are

results from polished and thin section studies of 6 different
Viburnum Trend lead ores.

a.

Standard Fletcher Ore -

standard Fletcher ore is a tan,
packstone.

SF

The host rock of the

silty mudstone and oolitic

Minor bedding and calcite veins can be identified

using transmitted light.

Sulfide minerals can be seen

replacing organic rich cement around the host oolites.

When

the ore is studied using an ultra-violet light to enhance
organics, only a mild fluorescence can be seen, indicating
that only a small amount are present.
Reflected light studies show that the ore minerals all
coarse grained and display simple textures.

Galena is found

simply locked with sphalerite, chalcopyrite and marcasite.
Coarse chalcopyrite sometimes contains 50 micron inclusions of
pyrite.

Sphalerite is usually found free

(Figure 12).

Pyrite is the more domainant iron sulfide mineral.
Marcasite to pyrite ratios range from 1:1 to 2:3.

Marcasite

is found as coarse liberated particles or complexly locked
with chalcopyrite and bravoite.

Pyrite is found disseminated

in the host rock and as cubes within the chalcopyrite grains.
Flotation results indicate that this is a typical run of
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Gn

Figure 12.

·

(x200)
Standard Fletcher Ore Sample Showing Free
Galena (Gn) and Sphalerite Grains (Sl).
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the mine ore.

Mill water and microscop i c study results back

up these findings.

This Fletcher ore is a suitable standard

to compare with all the other ores.
b.

Problem Fletcher Ore - lPF

A brown mudstone to

oolitic packstone dolomite makes up the host rock of the first
problem Fletcher ore.

Fossil fragments and sand grains can be

found scattered within the mudstone.

Using transmitted light,

the host rock can be seen to contain some organic matter.
Ultra-violet light studies indicate that this ore is highest
of all the ores in hydrocarbon content.
Difficulty was encountered during the mounting of
individual grains in epoxy for microscope study.

Apparently,

a thin film of organic was reacting with the mounting plastic
causing the plastic around some of the grains not to harden.
Using reflected light microscopy, some of the galena and other
sulfides were found to be noticeablly rimmed by an organic
rich, pyritic shale (Figure 13).

Both cubic and octahedral

galena were found to contain this coating (Figure 14).
Hydrocarbons c ontained in the shales are undoubtably
responsible for selectivity losses in this ore.

During

flotation, hydrocarbons will tend to act as both a frother and
a powerful collector.

Evidence of hydrocarbon influence was

noted in this problem ore during flotation when a better than
normal froth column c i ted.

The poor Pb-Zn selectivity

associated with this ore is further indication of a
hydrocarbon influence.
Oxidation of the galena was also noted by microscopic
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Figure 13.

(x200)
Organic Rich Phase (Org) on Octrahr ral
~alena (Gn) of Problem Fletcher Ore lPF.

Figure 14.

(x200)
Organic Phase (Org) Associated with Cubic
Galena (Gn) of the Problem Fletcher Ore lPF.
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examination.

At finer sizes, oxidation of the sulfide grains

becomes more prevalent.

Undoubtably, some lead losses are due

to these oxidized particle not responding to flotation.

In

addition to hydrocarbons, soluble copper ions may be partially
responsible for the poor selectivity noted in this ore.
Nothing else in the way of mineralogy or mineral textures
would indicate a potential flotation problem in this ore.
remaining sulfides are found free from complex locking.

The
Minor

amounts of inclusions do not seem to be a threat to mineral
selectivity.

Though colloform pyrite and porous chalcopyrite

3:5 margin.
can be found,
c.

The marcasite to pyrite ratio favors pyrite by a

no oxidation seems to be associated with them.

Problem Fletcher Ore

-

2PF.

The host rock of

this ore is similar to the other Fletcher ores.

Silty

laminations and minor calcite veins can be seen in the
mudstone -

packstone dolomite.

Low levels of hydrocarbons are

indicated by ultra-violet light studies.
Reflected light reveals that the sulfides display simple
textures and are coarse grained.

Pyrite, which is twice as

common as marcasite, occurs as porous grains and large
inclusions in chalcopyrite.

Chalcopyrite is generally only

simply locked with dolomite and galena.
found noticeably oxidized.

Galena, however, is

Oxide rims, up to 40 microns

thick, commonly coat galena grains (Figure 15).

This is

probably the reason for a high lead tail in this ore.

No

oxidation of chalcopyrite or the iron sulfides are noticed.
Only the high copper levels in the mill waters suggest any
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Figure 15.

(x200)
Oxidized Galena Grain of the Problem
Fletcher Ore 2PF.
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oxidation besides galena.

The poor Pb - Zn selectivity is

probably due to a copper complex activating sphalerite.
d.

Standard Viburnum Ore - SV.

From thin section

analysis, the host rock of the Viburnum standard ore is found
to be a combination of a tan pelloid packstone and
fossiliferous mudstone.

The sulfide minerals, chalcopyrite

and sphalerite, are seen replacing pelloids while the
remainding sulfides replace the dolomite interstitial to the
pelloid grains.

Trace amounts of organics are noticed in both

thin sect i on and ultra-violet light studies.
The sulfide minerals are generally coarse grained and
simply locked with only a few exceptions.

Galena and

chalcopyrite is found to have sphalerite inclusions smaller
than 20 microns, and sometimes smaller than 5 microns.

m,

1ne

current flotation practice in Trend is to depress the
sphalerite during the initial Pb-Cu rougher circuit.

With

fine grained sphalerite in both chalcopyrite and galena, it
will be difficult to make a good separation of these phases.
Lead-zinc selectivity will be negatively affected by this
texture.
Chalcopyrite is also found,
galena and seigenite.

in minor amounts, veining

No milling problems can be expected

from this locking, however.

Chalcopyrite is not the only

copper mineral found in the standard Viburnum ore.

Covellite

and bornite are found associated with chalcopyrite in minor
amounts (Figure 16).

It should be noted that covellite and

bornite have a higher solubility in cyanide than does
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Figure 16.

(x200)
Covellite (Cv) Replacement of Chalcopyrite
Locked within Galena (Gn) of Standard Viburnum Ore.
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chalcopyrite.

These minerals are responsible for some of the

high soluble copper found in the mill waters.

A copper

complex is probably the major reason for poor selectivities
associated with this ore.
Marcasite is 5-8 times more numerous than pyrite, in the
Viburnum standard ore.

It occurs simply locked with other

sulfides and as inclusions in secondary dolomite.

The high

amount of marcasite present in this ore is suspected to
contribute to the rapid oxidation of some sulfide minerals.
Higher than normal marcasite levels could also be associated
with the presence of the non-typical Lead Belt minerals,
covellite and bornite.

Pyrite occurs as colloform grains in

dolomite, but also as cubic inclusions in massive chalcopyrite
grains.
Only minor evidence of oxidation is seen in the coarse
grained galena.

However, at fine sizes, oxide rims are

commonly found on galena grains.

This galena oxidation is

probably the major contributor of the poor lead recoveries
associated with this ore.
e.

Problem Viburnum Ore

-

lPV.

As in the standard

ore, the host rock of this ore is a combination of a pelloid
packstone and mudstone.

Chalcopyrite and pyrite are found

replacing the pelloids.

Organics are noted interstitial to

the grains.
rock.

Locally, a green stain is found within the host

This is thought to be minor copper carbonate

mineralization.
The sulfide minerals are generally coarse and simply
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locked, as in the standard ore.

Lesser amounts of sphalerite

inclusions are found in the galena and chalcopyrite.
Galena oxidation is minor, even at finer sizes.
Chalcopyrite, pyrite and marcasite, on the other hand, are
often found oxidized to goethite.

A marcasite to pyrite ratio

of 3:2 indicates that marcasite may have been an influence on
the extent of oxidation.

Chalcopyrite seems to have been more

greatly affected by oxidization, especially in the porous,
pyritic variety.
It is shown in figure 17 that unoxidized, unlocked galena
is found in the tail along with unlocked, oxidized
chalcopyrite.

As in some of the previous ores, it can be

assumed that the oxidation of chalcopyrite had some influence
on lead-zinc selectivity.

High copper ion concentrations in

the ball mill water are suspected to be responsible for
sphalerite activation during flotation.

Lead losses to the

tails may be connected these high ion levels.

To what extent

galena recovery is affected by metal ions, if any, is not
known.

f .

Problem Viburnum Ore

is a high sulfide containing ore.

2PV.

The 2PV series ore

The mineral phases are

easily identified but have complex textures.

The host rock is

similar to the other Viburnum ores.
Galena is found to have three textures in this ore.
Sixty five percent of the galena is coarse grained and simply
locked with other coarse sulfide phases (Type I).
Approximately 20% of the galena is rich with sphalerite and
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Figure 17.

(x32O)
Oxidized Chalcopyrite (Cp) and Free
Galena (Gn) in the Tail Fraction of a Problem
Viburnum Ore lPV Flotation Test.
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chalcopyrite inclusions which are smaller than 30 microns
(Type II),(Figure 18).

A third type of galena, Type III,

appears porous and contains sphalerite inclusions commonly
smaller than 5 microns (Figure 19).

The textures displayed in

galena types II and III are contributed to the replacement of
sphalerite by an octahedral galena.
I

The coarse grained, Type

variety was deposited after Types II and III.
Likewise, chalcopyrite displays similar textures as does

galena.

The majority of the chalcopyrite is coarse and

inclusion free.

Thirty percent of the chalcopyrite contains

pyrite and sphalerite inclusions too fine to liberate by
convensional grinding.

This texture is attributed to the

replacement of sphalerite and pyrite.

Liberation of this

chalcopyrite is further complicated by its close association
with Type II and III galena.
Pyrite, which is over twice as abundant as marcasite,
usually occurs as large colloform masses or coarse grained
crystalline inclusions.

Marcasite crystals are found

deposited on all of the many colloform pyrite generations.
Seigenite and bravoite, found abundant in this ore, are
intricately locked with the pyrites.
No oxidation is noticed in this ore.

The locking problem

caused by the many sphalerite, pyrite, and chalcopyrite
inclusions is suspected to be the only reason for poor Pb-Zn
selectivities.

The cyanide additions probably caused the

sphalerite and pyrite rich galena to depress, which resulted
in low lead recoveries.
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Figure 18.

(x2OO)
Type I Galena Simply Locked with Type II
Galena Found in Problem Viburnum Ore 2PV.
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Figure 19.

(x5OO)
Galena Types II and III, of Problem
Viburnum Ore 2PV, Showing Sphalerite Inclusion
Size Difference.
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4.

Ore Study Summary.

Of all the ores studied, only

the standard Fletcher ore could be considered a normal run of
the mine ore.

Its favorable flotation characteristics were

found to be a result of coarsed grained mineralogy, simple ore
textures and lack of oxidation.

All other ores displayed

unfavorable flotation responses.
Sulfide oxidation plagued all of the problem ores but the
Viburnum ore #2.

Oxidation affected Pb-Zn selectivity of each

flotation test in two ways:
a)

Sphalerite was activated by copper ions present in

the mill waters.

The oxidation of chalcopyrite lead to the

increased concentration of copper ions in the ball mill water.
This oxidation also lead to the formation of cyanide soluble
copper mineralization which was readily leached in the mill.
Due to the excessive amount of soluble copper, the depressive
effects of cyanide was overpowered and so~e sphalerite grains
were activated during flotation.

A prime example of this

problem is seem in the problem Fletcher ore #2.
b)

The oxidation of galena resulted in the formation of

cerussite and anglesite.

These minerals are not activated by

the xanthate reagents during flotation which result in higher
lead losses.
In addition to oxidation, problem Fletcher ore #1
contained hydrocarbons.

Hydrocarbons were first suspected to

coat some mineral grains when during the making a polished
sections, epoxy would not cure around some mineral grains.
During the flotation of this ore, better than normal froths
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columns were also recorded.

Hydrocarbons are known to act as

a frother and nonselective collector.

This accounted for the

combination of poor selectivities and low copper ion
concentrations achieved during the flotation tests.
The Viburnum ores all contained some degree of harmfully
locked minerals.
undetected.

A minor amount of locking can usually go

In the 2PV ore, however, the locking is so

widespread that flotation selectivities are hurt.

Thirty five

percent of the galena contained sphalerite and chalcopyrite
inclusions less than 30 microns.
not bad, however.

Recoveries of this ore were

Additions of cyanide probably helped to

depress some locked galena.

For this reason and because this

was also a high grade lead ore, higher than normal lead assays
reported to the tails.
The standard Viburnum and lPV ores both were largely
effected by soluble copper resulting from oxidation.

The

amount of soluble copper in the mill waters were highest in
these ores, as were the marcasite to pyrite ratios.

High

amounts of marcasite contained in an ore are indications that
galena recovery may be effected in two ways;
i)

Marcasite will accelerate the oxidation of galena and

chalcopyrite which result in lead losses and selectivity
decreases,
ii)

As the amount of marcasite increases, so does the

amount of cyanide soluble minerals such as covellite and
bornite.
decreases.

The leaching of these minerals cause selectivity
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Both ores also showed some degree of galena oxidation and
locking.

B.

SULFUR ISOTOPE AND TRACE SILVER RESULTS
The timed flotation products of two synthetic ores were

assayed for five elements and analyzed for the content of
sulfur 34 isotopes.

Three consequential samples from each the

Viburnum mill lead rougher and cleaning circuit were put
through the same analysis.

Assuming typical Lead Belt

mineralogy, and using Sverjensky's sulfur isotope values for
each of those minerals, an upper and lower limit of a
theoretical galena sulfur isotope value was backcalculated
(Appendix 2).

The assay of each sample was also corrected to

represent a percentage of a pure sulfide minera l

concentrate.

The results of this investigation were used to study the
role which and crystal habit and silver content played in the
oxidation of galena (Table V).

Cubic galena is found to have

sulfur 34 isotope values less than 11 permil and contain less
silver in solid solution than does octahedral galena.

If the

octahedral galena was found more to respond slower, higher
silver and sulfur 34 isotopes would be seen in the last phase
of the timed flotation test.
complicated by ore oxidation.

These results will be
As the calculated sulfur

isotope is based on a measured isotope value and the metal
assay, rather than the sulfur content, an oxidized sample
would also cause the galena sulfur isotope to be artificially
low.

The degree with which sulfur is lost in a concentrate,

66

Table V.

Sample
Name

BACK-CALCULATED SULFUR 34 ISOTOPE VALUES OF GALENA,
SILVER ASSAYS, AND PERCENT SULFIDE OF TOTAL SULFIDES
FOR CONSEQUETIVE PRODUCTS OF FOUR FLOTATION TESTS.
S34 Isotope
Range

Ag
(ppm)

% Sulfide in Concentrate
PbS
ZnS
CuFeS2
FeS2

================-=-===-==========================================
Syn-Octo 1
Syn-Octo 2
Syn-Octo 3

15.1 - 15.0
16.1 - 15 9
16.0 - 15.3

12.97
17.56
29.03

98.87
98.49
93.35

0.05
0 .18
0.55

0.05
0.29
0.81

1. 24
1.55
6.41

Syn-2PF 1
Syn-2PF 2
Syn-2PF 3

13.0 - 12.9
14.7 - 14.3
19.8 - 17.8

34.73
34.89
59.82

98.97
96.29
82.64

0.02
0.25
1. 31

0 .11
0.68
2.83

1.19
3.12
14.93

Rougher 1
Rougher 2
Rougher 3

12.1 - 11.6
12.1 - 11.2
5.0 - -2.5

48.46
58.98
147.47

94.88
91.09
56.37

0.78
1. 79
13.74

2.43
2.84
4.18

2.01
4.46
25.96

Cleaner 1
Cleaner 2
Cleaner 3

12.6 - 11.9
12.1 - 11.2
8.0 3.2

52.94
58.67
119. 70

93.09
91.21
66.60

1.33
1.84
9.42

3.17
3.57
5.59

2.63
3.62
18.49
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due to oxidation, will correspond with a deviation from the
true galena isotope value.
1.

Synthetic Ores.

An increase in the galena sulfur

34 isotope and silver assay was found to occur during the
synthetic flotation tests.

The galena content of each product

declined with time, while all other minerals were found to
increase.
The synthetic octahedral ore was made from a mixture of
dolomite and hand picked, unoxidized, octahedral galena.

A

very slight increase in isotope values was found to accompany
a large silver increase during the flotation of this ore.

The

stability of the sulfur isotope values is a reflection of the
homogeneity of the sample.

The increase in silver assay

cannot be positively attributed to any one mineral.
The synthetic 2PF ore was made from dolomite and hand
picked oxidized galena from the problem Fletcher ore #2.

This

material showed a significant increase in isotope values and
silver content during flotation.

As before, the silver

increase cannot be positively linked to any one mineral.

The

isotope increa·se is an indication of one or more of the
following:
i)

The flotation of cubic galena was responsible for the

lower isotope values recorded at the beginning of the test.
Octahedral galena is found to float slower than cubic galena.
ii)

All the galena floated was the octahedral variety.

The octahedral galena with the highest isotope values floated
slower.

This may be linked to an increased silver content of
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that galena.
iii)

The initial low isotope values result from oxidized

galena floating at the beginning of the flotation test. The
bulk of the oxidized galena would be locked with unoxidized
galena.
The sulfur isotope increase seem during the flotation of
the 2PF synthetic ore is probably due to the initial flotation
of cubic and/or octahedral galena, followed by that of a
slower responding octahedral galena.

It is unlikely that

oxidized galena floated at the beginning of the flotation
test.

Oxidized galena is more likely to report to the tails

fraction.
2•

Viburnum Mill Samples.

Sulfur isotope values

decreased with time in both the Viburnum mill flotation
circuits while the silver content increased.

Between the

first and second sampling sights along each circuit, only a
slight changes in sulfur 34 and silver values were noted.

The

last cell of each circuit showed a dramatic drop in isotope
values and a large silver increase.
This sharp isotope decrease is likely a reflection of
highly oxidized sulfide minerals in the last cell.

Oxidized

minerals are more likely to report to the last cell of each
circuit because of their slower flotation response.

An

increase in oxides, and thus a decrease in sulfur, would be
represented by a lower back-calculated sulfur 34 value.
this analogy,

Using

the lower isotope values found in the rougher

circuit last cell is an indication that more oxidized minerals
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report to this circuit than to the cleaner circuit.
The amount of silver increased with time during for each
flotation test.

This increase is a result of one or both of

the following mineral characteristics:
i)
high.

The silver content of sphalerite and pyrite are very
An increase of gangue minerals in the galena

concentrate dramatically increases the silver content of that
product.
ii)
test.

The silver content of galena increased throughout the
This would imply that high amounts of silver was

detrimental to galena flotation by increasing the oxidation
rate of galena.
The silver content of sphalerite and pyrite are known to
be high relative to galena (Hagni 83).

This is the only solid

evidence which explains supports an increasing silver assay
with time.

From this experiment, no data which supports an

increased silver content of oxidized galena can be cited.

C.

OXIDATION STUDY RESULTS.
Eight sets of mineral pieces were oxidized in a closed

environment over various lengths of time in a manor previously
described.

Each mineral was analyzed with the Auger

microprobe to determine oxide composition and thickness.

The

data returned from the surface analysis was in the form of a
series of chemical spectrogra~hs (Figure 20).
Each spectrograph represented a depth into the mineral
surface.

The location and height of each peak on the spectrum
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is represents a quantity of a given element found at that
surface layer.

The oxide layer was assumed to be as thick as

the depth which oxygen last appeared on the spectrograph.
Forty eight samples were analyzed for oxide thickness using
the Auger microprobe.

The results from that study, expressed

in angstroms, are listed in Table VI.
The composition of each oxidized galena sample was
composed of the the lead carbonate, cerussite.

This finding

was based on the presence of carbon on the oxidized surface.
Iron oxide, geothite, was found on the oxidized surfaces of
the porous chalcpyrite and the fine grained pyrite specimens.
No carbon was detected on these samples.
The results of this experiment were expected to show that
oxidation increased logrithmically with time.
the case.
rate.

This was not

A given mineral was shown to oxidize at a random

If this is truly the case, local differences within a

mineral have a great influence on its oxidation rate.

Two

possible mechanisms could be differential porosity and trace
element concentration.
In the case that these results are not truly
representative, a number of reasons can be sighted.

First

problem encountered was in the operation of the Auger
microprobe.

In many cases, the sputtering times were not at

close enough intervals to obtain an accurate value for oxide
penetration.

For this reason, approximations and upper limits

could only be used to report values.

Placement of the

electron beam on the sample could also have played a major
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Table VI.
AUGER MICROPROBE OXIDE THICKNESS DATA.
(Thickness, in angstroms, are based on the presence
of oxygen.)

SAMPLE

MINERALS

1 WEEK

<35

1

2 WEEK

4 WEEK

8 WEEK

70

70

70

2

FPy

700

170

175

365

3

CPy

350

<100

>350

700

4

Cp

100

88

<35

700

5

Sl

100

<70

350

6

Cp

7

<35
3200

>1225

0

<35

>6000

>8500

0

70

8

FPy

20

100

280

140

9

CPy

0

210

2600

70

10

Cp

200

450

3500

350

11

Sl

50

0

>>6000

12

FPy

2100

3500

>>6000

0

>6500
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role in data variances if differential oxidation was extreme.
The minerals used in the study may have caused the
deviations from expected values.

The samples used in this

study were polished to a 20 micron finish.

This may not have

been fine enough, leaving too many pits which would promote
differential oxidation.

Likewise, nonhomogenius porosity

would have similar affects.
Some data, like 9-11 of week 4, is grossly out of
proportion to corresponding samples of the following set.
Oxidation in these areas may have been enhanced by water
droplets, from descicator condensation, contaminating the
sample.

The descicator was air tight but was not kept from

sunlight.
Some conclusions can be drawn from this data, no matter
the quality.

It appears that the both octahedral and cubic

galena oxidize at the same rate in when not in contact with
other sulfides.

For each week, the plain galena samples had

similar oxide thicknesses.
A hierarchy of minerals which promote oxidation can also
be established.

The degree of the galena oxidation was ranked

within each mineral set and a cumulative score was evaluated.
The results show that sulfide minerals effect galena oxidation
in the following manner;
Sphalerite < Coarse Pyrite< Porous Chalcopyrite < Fine
Pyrite.
In other words, porous chalcopyrite will have a greater effect
on galena oxidation than will coarse pyrite.

When comparing
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oxide thicknesses of porous chalcopyrite with fine grained
pyrite, however, chalcopyrite is found to oxidize quicker,
though it has a smaller effect on the galena.
The overall differences of oxidation between the two
galena crystal forms are mixed.

When comparing the oxide

layers of one system versus another, and taking into account
the experimental problems, the results are indeterminant.
oxidation rate difference can be verified using this direct
comparison method.

No
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V.

CONCLUSIONS

Several lead ores encountered at the St. Joe Lead Co.
were found to cause recovery problems during froth flotation.
Selectivity problems and lead losses to the tails were
suspected to be caused by ore oxidation.

An investigation

into these problems consisted of studying the flotation
response and mill water.

The ores were also studied by use of

a petrographic and ore microscopes.
A study into the factors which cause oxidation was
approached in a two ways.

One oxidation study looked at the

affect which individual sulfides had on galena.

Another study

used sulfur isotope data to track different crystal forms of
galena through the flotation circuit.

In all these studies,

the role of silver in galena oxidation and flotation was also
being considered.
A combination of oxidation and mineralogy problems were
found to cause lead losses and selectivity decreases in 5 of 6
Viburnum Trend mill feeds.

Some form of oxidation was noticed

in 4 problem ores while other mineralogy problems were
identified in 3 of the ores.
Oxidation of an ore caused flotation problems in two
ways;
1) Oxidized lead reported to the tails because xanthates
were not effective reagents for this form of lead;
2) The leaching of copper oxides by ball mill water
caused an excess of copper ions to be put into solution.

This
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soluble copper caused some sphalerite to be activated instead
of being depressed by the cyanide.
Three mineral problems were encountered that also caused
recovery problems:
1) Inclusions of sphalerite and pyrite, less than 30
microns in size, were found associated with galena and
chalcopyrite in all the Viburnum ores;
2) Covellite, bornite and malachite were found to help
put high levels of copper into the mill water of some ores.
Copper minerals with lower solubilities were more abundant
when the ore's marcasite/pyrite ratio was high.
3) Hydrocarbons were found to be responsible for poor
selectivities in one Fletcher ore.
The combination of these problems caused lead assays of
the tails fraction to be high.

High lead levels in the feed

were also held responsible for lead losses.

It seems

reasonible to assume that the tail lead assay would be higher
if the feed assay increased.

Recovery should be the point of

interest when controlling flotation.
Sulfur 34 isotope and trace silver analysis were used to
study the flotation responses of a synthetic ore containing
unoxidized octahedral galena, an oxidized Fletcher ore, and
the lead rougher and cleaner circuits at the Viburnum mill.
From the chemical and sulfur isotope analyses of four series
of flotation products, the following conclusions can be made
pertaining the flotation and oxidation of galena:
1)

Very little to no isotope variations occur within a
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concentrate during the flotation of a normal, unoxidized lead
ore.
2)

If oxidation does exist in an ore, sulfur isotopes

can be used to characterize the degree of oxidation and, in
some cases, the crystal habit of the oxidized galena.
3)

Silver increased during the flotation of each galena

concentrate is probably related to increased amounts of
sphalerite and pyrite.
content then is galena.

These minerals are higher in silver
No conclusion on what effect trace

silver may have on galena flotation can be reached from this
study.
A better understanding of the oxidation phenomena was
documented in two programs which involved galena oxidation.
One study outlined a heirarchy of sulfide minerals which
influences galena oxidation.

The order of influence was found

to be similar to that which was established by Sutherland.
The Viburnum Trend heirachy is as follows;
Sphalerite < Coarse Pyrite< Porous Chalcopyrite < Fine Pyrite
Grain size and surface area of a given mineral plays a bigger
role in oxidation than does the stability of that mineral.
When comparing the oxidation rates between crystal forms of
galena, no substantial rate difference was noted.
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APPENDIX A.

EXAMPLE METALLURGICAL REPORT

METALLURGICAL_REPORl
SAMPLE NAME:

lPVC -8

Sr~MPLE ASSAY
ELEMENT :

FEED

: CONC.

1 : CONC. 2 : CONC. 3 :

TAIL

0.19

PB

2 .. 95

42.9

16.8

8.1

ZN

0.21

1.8

4.7

3.1

cu

0.71

6.9

7.5

7.1

0.17

FE

1.59

0.63

1.5

2.65

1.65

40

4.1

AG (ppm):

5.6

%SULFIDE

9.1

49

SAMPLE
CONC.1:
CONC.2:
CONC.3:
TOTAL CONC.:

51.1

73.3

WEIGHTS

(GRAMS)

29.06
6.02
4.23

TOTAL CONC.:
TAIL:
TOTAL:

39.31
458
497.31

FEED:

500
(). 53

39.31
'Y.LOSS:

MINERAL CONTENT:
ELEMENT :

FEED

100% SULFIDE

: CONC. 1 : CONC. 2 : CONC. 3 I

TAIL

F'B

37.43

67.58

37.96

23.38

5.35

ZN

3.43

3.65

13.7

11.54

1. (19

cu

22.54

27.2

42.41

51. 3

11.98

FE

37.49

1.84

6.29

14.21

86.36

44.7

94.9

86

49.8

100.27

100.36

100.43

104.78

AG <ppm> : ' 51 • 3
TOTAL

100.89
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OVLRALL_MINERAL_SELECTIVITV_INDICES

cu

z1-.1

F'B
PB

l

ZN

•

cu

.47

FE
3.94

.

,J
6 ,::-

l 1. 56

2.58

9. 0 7

8.33

1. 86

7.17

1

.22

.76

4.47

1

3.44

.I.

1

---------------------------------------------------------. (l5
FE

.08

AG

PB REPORT
PRODUCT : ASSAY : WT.% l CUM.WT% l REC.
CONC.1
CONC.2

CONC.3
TAILS

42.9
16.8
8.1
0.19

5.84
1.21
0.85
92.09

5.84

l CUM.REC l REC.RATIO

7.9
99.99

14.31

84.85
91. 73
94.06
99.98

84.85
6.88

7. (>5

2.33

5.92

1. 16

0.39
1

MINERAL I GALENA RATIO

PRODUCT :

PB

ZN

cu

FE

CONC.1
CONC.2
CONC.3
TAILS

1
1
1
1

.04
.28
.38
.16

.16
.45
.88
.89

• 01
.09
.33

8.68

AG

.77
2.92
4.32
15.79

CUM. SELECTIVITY INDICES

PRODUCT l

PEt

ZN

cu

FE

AG

CONC.1
CONC.2
CONC.3

l.

2.43

2.06

1
1

1.92
1.52

2.2
2. 11

15.41
17.65

3.25
3.67
3.94

17.64

GANGUE
13.34

16.2
17.63
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ZN REF'OF:T
PRODUCT l ASSAY l WT.% : CUM.WT% : REC.
CONC. 1
CONC.2
CONC.3
TAILS

1.8

5.84

4.7

1.21

3.1

0.85
92.09

0.03

48.67
75
87.2
99.99

48.67

5.84
7.05
7.9
99.99

: REC.RA-rIO

I CUM.REC

26.33
12.2

12.79

3.8

2.05
0.95
1

MINERAL I SPHALERITE RATIO
PRODUCT

cu

ZN

PB

I
I

FE

AG

----------------------------------------------CONC.1
23.83
1
3.83
.35
18.33
CONC.2
CONC.3
TAILS

1
1
1

3.57

2.61
6.33

1. 60
2.29
5.67

.32

.85
55.00

10.43
11.29
100.00

CUM. SELECTIVITY INDICES
PRODUCT I

PB

ZN

cu

FE

AG

CONC.1
CONC.2
CONC.3

.41

1
1
1

.85
1. 14
1.38

6.34
9.17
11. 56

1.34
1.9

.51

.65

GANGUE
3.96
6.39
9.07

2.58

************************************************************
CU REPORT
PRODUCT I ASSAY : WT.% I CUM.WT¾ : REC.
CONC.1
CONC.2
CONC.3
TAILS

5.84

6.9
7.5
7.1
0.17

5.84
7.05
7.9
99.99

1. 21

0.85
92.09

l CUM.REC : REC.RATIO

56.7
12.77
8.49
22.03

56.7
69.47
77.96

2.57
0.57
0.38

99.99

1

MINEF:AL I CHALCOPYRITE F<ATIO
PRODUCT
CONC. 1
CONC. 2
CONC.3
TAILS

I
I

PB
6.

-.,..,

..::...::

ZN

cu

FE

.26
63
.44

1

.09

1
1
1

.-·,-:--

.
. l li

2. 24

.

1 1 't
1 1 ":.'

.

AG

4. 78

. ..::._.

6 •

. ~57
9.71

5:::;,

4 • tf' :::;

:i

...

i

,

. c:~~5

CUM. SELECTIVITY INDICES

cu
CDNC.1.
CCJl,JC. ::::
CCINC. :'.:

17
• l:3"7
1.

,,

... .._.

•

I •.-..

1
1
:I

f-.;r,!\lbl.lE

7. 4::.i
7. <;•}

_,,
1 . .:--7
1. 6b
l. f;L

~i.

11

6. l l
·7 .. 1 7

85

1 . l :::;

.... ·-·
::;. 43.

CDNC.3

o. !J:;

l.41

4.B4

TAILS

9'.2. O?

c_;,~j. l 4

99.99

CONC.1

0. 6:::'.,

CONC.'2

1.5

:i. i:lf.f

,.....

:::;.;. EM
7. 0'.°5

1. 21

--:~·

O.Ul
l

MINERAL/ PYRITE RATIO
PF:ODUCT

cu

:

CONC.1
CONC.2
CONC.3
TAILS

FE

AG

6B. l 0

2.86

10.95

1

52 .. 38

11.20

3.1:,
1. 17
.02

5.00

1
1
1

32.67
13.21
1.82

3.06

. 1':J-

2.68

. 1 (i

CUM. SELECTIVITY INDICES
PRODUCT

ZN

PB

I
I

CONC. 1
CONC.2
CONC.3

cu

FE

AG

1
1
1

.2

.06

.15

.13

.05
• 05

•1
.08

.12
. 12

GANGUE

.21

.6
• 67
.76

,.,,.,

• k4

************************************************************
AG REPORT

PRODUCT :
CDNC.1
CONC.2
CONC.3
TAILS

: WT.% : CUM.WT% : REC.

ppm

5.84
1.21
0.85
92.09

33

49
7C"

-.:.•...J

..,.
_,

: CUM.REC : REC.RATIO

5.84

:3;4_ 53

34.53

7.05

10.62

7.9
99.99

5.33

45.15
50.48
99.98

49.5

.69
.21

•1
1

MINERAL I AG RATIO
PF<ODUCT .I

PB

CONC.1
CONC.2
CONC.3
TAILS

1. 30
• 34
.23
• 06

ZN

cu

• 05
.10
• 09
• 01

• 07

1

• 06

.55

1

FE

AG

.21

• 02

.15
.20

• <)3

1
1

CUM. SELECTIVITY INDICES
PRODUCT
CONC. 1
CONC.2
CONC.3

I
I

cu

FE

AG

.74

.63

2.91

.6

4.72
4.8

1

.52
.38

1

4.47

1

3. 2S'
3.44

PB

ZN

..,..
..27
-·
. ·-·
'")C"

. ~...::,

,::~

GANGUE
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Appendix B.

EXAMPLE BACK CALCULATION OF GALENA SULFUR
ISOTOPE RANGES.
Pb
41. 2

Zn
0.06

Cu
0.05

Fe
0.40

1.)

Concentrate Assay:

2.)

Corrected Assay for Iron in Chalcopyrite.
Fe= Fe - ( Cu X 30.4 I 34.6)
where:
30.4 = % Fe in Chalcopyrite
34.6 = % Cu in Chalcopyrite
Pb
41.2

Corrected Assay:
3.)

Zn
0.06

Cu
0.05

Fe
0.36

Calculate Sulfur Content for Each Mineral. Multiple
corrected assay by sulfur/total metal ratio.

% sulfur in galena

Pb assay
41. 2

ex.

X

(

13.4

Gn
6.37

Sulfur Assay:

/

Sl
0.03

% lead in galena
86.6

) = 6.37

Cp
0.03

Py
0.41

Total Sulfur Content of Concentrate:
Gn
Sl
Cp
Total Sulfur
6.37 + 0.03 + 0.03 +
=
6.84
Total Sulfur
=

4.)

5.)

Py
0.41

Solve for the Isotope Range for Galena. Total
concentrate and individual mineral sulfur assays
are known. The sulfur isotope value of the
concentrate, as well as, the ranges for sphalerite,
chalcopyrite, and pyrite.
Solve for the galena
sulfur isotope range by the following equation:

Total(S*s34) = Gn(S* X) + Sl(S*s34) + Cp(S*s34) + Py(S*s34)
where:

(S*s34) = Sulfur assay times the sulfur isotope range
of the postscript mineral.
X = Sulfur isotope range for galena

Solve for

X as in the following example.

Sulfur isotope ranges used as compiled by Sverjensky:
High Values
Low Values

Sphalerite
19.0
12.0

Chalcopyrite
16.0
9.8

Pyrite
4.0
2.0

Sulfur isotope value of the concentrate:
15.2
Total(S*s34) = Gn(S* X) + Sl(S*s34) + Cp(S*s34) + Py(S*s34)

87

High: 6.84x15.2 = 6.38X'
Low: 6.84x15.2 = 6.38X"

+ 0.03x19.0 + 0.03x16.0 + 0.41x4.0
+ 0.03x12.0 + 0.03x 9.8 + 0.4lx2.0

High:
Low:

+
+

103.97 = 6.38X'
103.97 = 6.38X"

0.57
0.39

+
+

0.43
0.27

+
+

1.67
0.67

High: XI = Lower limit of galena's sulfur isotope = 15.89
Low: XII = Upper limit of galena's sulfur isotope = 16.06
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APPENDIX C.

10
20
30
40
50
60
70

80
90
100
110
120
130

140
150
160
170
180

190
200

210
220
230
240
250
260
270

280
290
300
31(>
320
330

340
350
360
370

380
390
400

410
420
430
440

450
460
470
480

490
500

:METALLURGICAL BAL\NCE CO:MPUI'ER PRCnW1

HOME
VTAB (7)
PRINT
********************************"
PRINT II
*
*"
PRINT
* METALLURGICAL REPORT PROGRAM*"
PRINT
*"
*
by
PRINT
*
Michael G. Schroer
*
PRINT
*"
******************************•!!-**
PRINT
VTAB (22)
IF FZ = .34 THEN END
PRINT
Press RETURN to continue."
INPUT 22$
HOME
VTAB (6)
PRINT
What is the sample name?"
VTAB (8)
INPUT NAME$
VTAB ( 12)
PRINT"
What is today's date?"
VTAB (14)
INPUT DAY$
VTAB (18)
PRINT
How many elements in this report?"
VTAB (20)
INPUT N
VTAB (19)
PRINT
What are the sample weights?"
PRINT
FEED:"; TAB( 25)
INPUT FEED
PRINT
CONC:"; TAB( 25)
INPUT CNC
PRINT
TAILS:"; TAB( 25)
INPUT TALE
LOSS= INT <<FEED - CCNC + TALE>> /FEED* 10000) / 100
WT(1) = 100.00
WT<2> = INT <CNC /FEED* 10000) / 100
WTC3) = INT <TALE/ FEED* 10000) / 100
WP= WTC2) + WT(3)
HOME: VTAB (6)
PRINT "What is the main element in the cone.?": PRINT
INPUT EL$C1>
VTAB ( 12)
PRINT "What is its weight¾ in the main mineral?": PRINT
INPUT WGT
VTAB ( 18)
PRINT
What are the ";EL$(1);" assay values?": PRINT
PRINT
FEED:"; TAB< 25)
INPUT EL ( 1, 1>
PRINT
CONC.:"; TAB< 25)
II

II

II

II

II

II

II

II

II

II

II

II

II

II

II

II
II

II
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510 INPUT EL<l,2)
520 PRINT
TAILS:"; TAB< 25)
530 INPUT EL<l,3>
540 HOME
550 VTAB (4)
560 NUM = 0
570 FOR I= 2 TON
580 IF NUM < > 3 GOTO 610
590 HOME
600 VTAB (4)
610 PRINT
What is the ne>:t element?"; TAB< 32)
620 INPUT EL$(!)
630 PRINT
FEED ASSAY:"; TAB< 27>
640 INPUT EL<I,1)
650 PRINT
CONC. ASSAY:"; TAB< 27)
660 INPUT ELCI,2)
670 PRINT
TAILS ASSAY:"; TAB( 27>
680 INPUT EL<I,3>
690 PRINT: PRINT: PRINT
700 NUM = NUM + 1
710 NEXT I
720 FOR I= 1 TON
730 FOR J = 1 TO 3
740 MU (I, J > = INT CWT(J) * EL<I,J> * 100) / 100
750 NEXT J
760 TT<I> = MU<I,2) + MU<I,3)
770 ASS<I> = INT <TT<I> /WP* 1000) / 1000
780 P$ <1 > = "FEED": P$ (2) = "CONC": P$ (3) = "TAIL"
790 AA = EL <I , 2 > / <100 - EL <I , 2) >
800 BB= (100 - EL(I,3)) / EL<I,3>
810 SI <I > = I NT ( ( ( AA * BB> ···, • 5) * 100 > / 100
820 NEXT I
830 FOR I= 1 TON
840 FOR J = 1 TO 3
850 OST<I,J> = MU<I,J) / TT<I> * 100
860 NEXT J
870 NEXT I
880 HOME: VTAB (6)
890 PRINT
What do you want to do ne>:t?": PRINT
900 PRINT
1) View Results": PRINT
910 PRINT
2) Hard Copy of Results ": PRINT
3) Input New Data": PRINT
920 PRINT
930 PRINT
4> Copy of Program": PRINT
5) End"
940 PRINT
950 VTAB (22>: PRINT
Choose Number"
960 INPUT SS
970 ON SS GOTO 1140,1350,140,1720,1700
980 HOME
990 PRINT
METALLURGICAL REPORT"
1000 PRINT
PRINT
1010 PRINT
DATE: ";DAY$
1020 PRINT
SAMPLE NAME: ";NAME$: PRINT
11

II

II

II

II

II

II

II

II

II

--------------------":
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PRINT II
SAMPLE ASSAY": PRINT
PR I NT II
ASSAY
VALUES
I 11
II
PRINT
ELEMENT
FEED
CONC. I TAILS I"
PRINT II - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - "
FOR I= 1 TON
PRINT TAB< 5>;EL$CI>; TAB< 14);EL<I,1>; TAB< 23 > ; EL< I , 2) ;
) ; EL< I , 3)
1090 PRINT 11
1100 NEXT I
1110 VTAB (24)
1120 PRINT II
Press RETURN to continue."
1130 INPUT ZZ$
1140 HOME: VTAB (2)
1150 FOR I= 1 TON
1160 PRINT"
";EL$(!);" REPORT": PRINT
WT%
ASSAY : M. u. :
: II
1170 PRINT II
1180 PRINT 11 - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - 11
1190 FOR J = 1 TO 3
1200 PRINT TAB< 2) ;P$CJ>; TAB< 7); 11 I 11; TAB< 9) ;WTCJ); TAB( 17) ·
'
TAB< 25>;MU<I,J>; TAB< 32>; INT CDSTCI,J> * 100) / 100
1210 ' IF J < > 1 GOTO 1230
1220 PRINT
1230 NEXT J
1240 PRINT II======================================"
1250 PRINT TAB< 9);WP; TAB< 17);ASS<I>; TAB< 25>;TTCI): PRINT
1260 IF I > 1 GOTO 1290
1270 PRINT 11 % MATERIAL LOSS: ";LOSS
1280 PF:INT "SELECTIVITY INDEX:
SI
1290 VTAB (22)
1300 PRINT 11
Press RETURN to continue."
1310 INPUT ZZ$
1320 HOME
1330 NEXT I
1340 GOTO 880
1350 HOME: PR# 1
1360 PRINT II
METALLURGICAL REPORT": PRINT: PRINT
DATE:
DAY$
1370 PRINT
1380 PRINT II
SAMPLE NAME: ";NAME$: PRINT
SAMPLE ASSAY": PRINT
1390 PRINT"
ASSAY
VALUES
: II
1400 PRINT
1410 PRINT" ELEMENT
FEED I CONC. I TAILS I"
1420 PRINT
1430 FOR I= 1 TON
1440 PRINT TAB< 5);EL$CI>; TAB< 14>;EL<I,1>; TAB< 22>;ELCI,2>;
) ; EL< I, 3)
1450 PRINT 11 ..- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - 11
1460 NEXT I
1470 PRINT: PRINT "FEED WEIGHT: ";FEED
1480 PRINT "CONC. WEIGHT: ";CNC
1490 PRINT "TAIL WEIGHT: ";TALE: PRINT: PRINT: PRINT
1500 FOR I= 1 TON
1510 IF I< > 3 GOTO 1540

1030
1040
1050
1060
1070
1080

- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - II

.

II--------------------------------------"

11

I

;

II;

I

II

-----------------------------------"
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1520

PRINT: PRINT: PRINT: PRINT: PRINT: PRINT: PRINT:

1530

PRINT

1540
1550
1560
1570
1580

METALLURGICAL REPORT <CONTINUED>"

PRINT TAB C 16); EL$ (I); 11 REPORT": PRINT
PRINT II
: WT'Y. : ASSAY I M. u. : DIST. : II
PRINT II -------------------------------------FOR J = 1 TO 3
PRINT TAB< 2>;P$(J); TAB< 7>;"1"; TAB( 9);WT<J>; TAB( 16>;
TAB< 23>;MU<I,J>; TAB< 32); INT <DST<I,J> * 100) / 100
IF J < > 1 GOTO 1610
PRINT
NEXT J
PRINT II======================================"
PRINT TAB( 9);WP; TAB< 15>;ASS<I>; TAB< 23>;TT<I>: PRINT
PRINT "SELECTIVITY INDEX: ";SI<I>
IF I > 1 GOTO 1670
PRINT 11 'Y. MATERIAL LOSS: ";LOSS
PRINT: PRINT
NEXT I
PR# 0: GOTO 880
FZ = .34
GOTO 10
11

;
1590
1600
1610
1620
1630
1640
1650
1660
1670
1680
1690
1700
1710

11

II--------------------------------------"

